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Dear Sir: 



In response to the Office Action dated November 03, 2004, please amend the above- 
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Amendments to the Claims begin on page 2 of this paper. 

Amendments to the Specification begin on page 5. 



Remarks begin on page 7 of this paper. 
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Amendment dated March 3, 2005 

Response to Office Action dated November 03, 2004 

Amendments to the Claims: 

This listing of claims will replace all prior versions, and listings, of claims in the 

application: 

Listing of the Claims: 

What is claimed is: 

1 . (CURRENTLY AMENDED) A non-invasive method for facilitating the 
diagnosis of a subject for a tissue remodel ing-associated condition, comprising: 
obtaining a urine sample from a subject; 

contacting the urine sample with an antibody specifically reactive with 
NGAL to detecting detect an MMP-9/NGAL complex in the urine sample; 
and 

correlating the presence or absence of the MMP-9/NGAL complex with the presence or 
absence of a tissue remodeling-associated condition, thereby facilitating the diagnosis of 
the subject for a tissue remodeling-associated condition. 

2. (PREVIOUSLY PRESENTED) The method of claim 1, wherein the tissue 
remodeling-associated condition is cancer. 

3. -5. (CANCELED) 

6. (PREVIOUSLY PRESENTED) The method of claim 2, wherein the cancer is in 
cells of epithelial origin. 

7. (CURRENTLY AMENDED) The method of claim 6, wherein the cancer is 
selected from the group consisting of cancers of the nervous system, breas t, prostate , retina, 
lung, skin, kidney, liver, pancreas, genito-urinary tract, and gastrointestinal tract. 
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Amendment dated March 3, 2005 

Response to Office Action dated November 03, 2004 

8. (CANCELED) 

9. (PREVIOUSLY PRESENTED) The method of claim 2, wherein the cancer 
appears in cells of endodermal origin. 

1 0. (PREVIOUSLY PRESENTED) The method of claim 2, wherein the cancer 
affects cells of bone or of hematopoietic origin. 

11. -40. (CANCELED) 

41 . (PREVIOUSLY PRESENTED) The method of claim 1, further comprising 
removal of contaminants from the urine prior to the detection step. 

42 . (PREVIOUSLY PRESENTED) The method of claim 4 1 , wherein the urine is 
dialyzed. 

43. (CANCEL) The method of claim 1 , wherein the enzyme is detected by an 
electrophoretic pattern. 

44. (CANCEL) The method of claim 43, wherein the electrophoretic pattern is a 
zymogram comprising a substrate. 

45. (CANCEL) The method of claim 44, wherein the zymogram substrate is selected 
from the group consisting of gelatin, casein, fibronectin, vitronectin, plasmin, plasminogen, type 
IV collagen, and a derivative of type IV collagen. 

46. (CANCEL) The method of claim 1 , wherein the enzyme is detected 
immunochemically. 

47. (CURRENTLY AMENDED) The method of claim 46 i, wherein the enzyme 
MMP-9/NGAL complex is detected by a radio-immunoassay. 

48. (CURRENTLY AMENDED) The method of claim 4& L wherein the enzyme 
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Amendment dated March 3, 2005 

Response to Office Action dated November 03, 2004 

MMP-9/NGAL complex is detected by an enzyme-linked immunoabsorbant assay. 
49. - 80. (CANCELED) 

81 . (NEW) The method of claim 1, ftirther comprising contacting the urine sample with 
an Antibody specifically reactive with MMP-9. 
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Amendment dated March 3, 2005 

Response to Office Action dated November 03, 2004 

Amendment to the Specification: 

On Page 1 please replace paragraph 1, lines 1-10, with the following rewritten paragraph: 

"The present application claims priority to U.S. Provisional Application serial no. 60/240,489 
filed on October 13, 2000. , the contents of which arc expressly incorporated herein by 
reference. This application is also related to Serial No. 08/639,373 filed on April 26, 1996, 
(abandoned), U.S. Patent No. 6,037,138, and Serial No. 09/469,637 (pending), the entire contents 
of each arc expressly incorporated herein by reference. The contents of Yan, L. ct al. (2001) J. 
Biol. Chem. 276: 37258 - 37265 arc expressly incorporated herein by reference :" 

On page 1 please replace paragraph 2, starting at lines 13-24 and continuing to page 2, lines 1-1 1 
with the following rewritten paragraph: 

" Matrix metalloproteinases (MMP) are a family of endopeptidases whose activities depend on 
metal ions such as ZN^and Ca"^. Collectively, MMPs are capable of degrading all the 
molecular components of extracellular (ECM), the barrier separating the tumor cells from normal 
surrounding tissues, which is disassembled as part of the metastatic process (Lochter, A. et al 
(1 998) Ann N Y Acad Sci. 857: 1 80- 1 93). MMPs have been shown to play important roles in a 
variety of biological as well as pathological processes, especially in tumor cell invasion and 
metastasis (Kleiner, D. E. and Stelter-Stevenson, W.G. (1999) Cancer Chemother Pharmacol. 43: 
S42-51). Overproduction of MMps by tumor cells or surrounding stromal cells has been 
correlated with the metastatic phenotypw. In particular, U.S. Serial No. 09/ 4 69,637 U.S. patent 
No. 6.811.955 , the contents of which are herein incorporated by reference in their entirety, 
teaches that intact and biologically active MMPs can be detected in biological samples of cancer 
patients and are independent predictors of disease status. The MMP activities detected in UtS? 
serial no. 09/ 4 69,637 U.S. patent No. 6.81 L955. include. for example, MP-9 (92 kDa, gelatinase 
B, type IV collagenase, EC3 .4.24.35) and MMP-2 (72 kDa, gelatinase A, type IV collagenase, 
EC3.4.24.24). Both of these MMPs have been shown to be independent predictors of tissue 
remodeling-associated conditions, e.g., cancer. In addition to these two major gelatinase species, 
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Amendment dated March 3, 2005 

Response to Office Action dated November 03, 2004 

several MMP activities with molecular sizes of equal to, or great than, 150 kDa were observed 
and were referred to as high molecular weight (hMW) MMPs. Elevated MMP levels in 
biological fluids, including serum, plasma, and urine from animals bearing experimental tumors 
or from cancer patients have also been reported in several other studies (Nakajiitia, M., et al, 
(1993) (Cancer Res. 55: 5802-7; Zucker, S., et al (1994) Ann N Y Acad Sci 732: 248-62; Baker, 
T., et al (1 994) Br J Cancer. 70: 506-1 2; Garbisa, S., et al (1 992) Cancer Res. 52: 4548-9, 
1992).- 
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Amendment dated March 3, 2005 

Response to Office Action dated November 03, 2004 

REMARKS 

Applicants have amended claims 1, 47, and 48 in order to expedite prosecution in this 
matter. Applicants have amended claim 7 to include prostate cancer. Please cancel claims 43-46 
and add new claim 81. 

Amendments to the claims are supported throughout the specification and in the claims as 
originally filed. In particular, recitation of". . . contacting the urine sample with an antibody 
specifically reactive with NGAL . as amended Claim 1 is supported at page 18, lines 12-14; at 
page 25, lines 8-9; and at page 27, lines 9-16. Claims 47 and 48 have been amended for proper 
dependency. Support for amended claim 7 is found at page 3, lines 16-17, and in claims 4 and 5 
as originally filed. New claim 81 is supported in the specification at page 18, lines 12-14 and at 
page 21, lines 21-23. As such, these amendments to not constitute new matter and their entry is 
respectfully requested. 

With respect to the objection to the specification, the Applicants have deleted the 
reference to the publication in question that is cited on page 1 . 

Claims 1, 2, 6, 7, 10, 41-48 were rejected under 35 U.S.C § 102(b) as being anticipated 
by Moses et al (cancer Research, 1998, Vol. 58, pp. 1395-1399) as evidenced by Yan et al 
(Journal of Biological Chemistry, 2001, vol. 276, Vol. 40, pp 37258-37266). 

Applicants respectfully submit that, in light of the claim amendments, this rejection 
should be withdrawn. Until the present invention, it was not known that the 125 kDa species of 
Moses et al. was, in fact, MMP-9/NGAL. There is no teaching in Moses et al. that the 125 kDa 
species is a complex. Further, there is no teaching or suggestion that the 125 kDa species 
comprises MMP9 or NGAL. 

Applicants respectfully submit that one would not be motivated to look for a 125 kDa 
complex using an antibody specifically reactive with NGAL, as it was unknown that the NGAL 
was part of the 125 kDa species. Accordingly, one skilled in the art would not know by reading 
Moses et al. that a tissue remodeling-associated condition, such as breast cancer, could be 
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Amendment dated March 3, 2005 

Response to Office Action dated November 03, 2004 

diagnosed by detecting an MMP9/NGAL complex using an antibody specifically reactive with 
NGAL. 

Claims 1, 2, 6, 7, 9, 46 and 48 were rejected were rejected under 35 U.S.C § 102(b) as 
being anticipated by Zucker (WO 93/20447) as evidenced by Kolkenbrock et al (Biological 
Chemistry, 1 996, vol. 377, pp. 529-533). 

The Applicants respectfully submit that the rejection should be withdrawn because the 
combination of references does not teach or suggest the invention. 

The Examiner states that Zucker discloses a non-invasive method of diagnosing 
metastatic gastrointestinal cancer comprising analyzing plasma for the presence of MMP-9 and 
TIMP-l/MMP-9 complexes by an Elisa Immunoassy (page 1 8). The Examiner further contends 
that Kolenbrock et al. discloses that TIMP-1 was exclusively bound to the monomer/lipocalin 
complex (page 532, lines 12-17), providing evidence that the MMP-9-TIMP-1 complex detected 
in the method of Zucker further comprised lipocalin. 

The Applicants respectfully disagree with the contention that the MMP-9-TIMP-1 
complex detected in the method of Zucker also comprised lipocalin as evidenced by 
Kolkenbrock et al.. Kolkenbrock et al. does not teach that the binding of TIMP-1 requires the 
complex of MMP-9 and NGAL, rather than MMP-9 alone. Kolkenbrock et al. isolated three 
forms of MMP-9 by chromatography on gelatin-Sepharose and heparin-ultragel. The fact that 
Kolkenbrock et al. did not isolate a TIMP-1 /MMP-9 complex in the absence of NGAL could be 
due to the method of isolation. Isolation of complexes by chromatography is affected by the 
conditions of the buffer used in the chromatographic separation (e.g. salt concentrations). 
Kolkenbrock et al. even state that their inability to detect TIMP-1 with monomer or homodimer 
could be due to a higher affinity of the monomer/lipocalin complex to TIMP-1 . 

"We could not find measurable complex formation between TIMP-1 and monomer or 
homodimer. It remains to be clarified if this is due to a higher affinity of the 
monomer/lipocalin complex to TIMP-1." (Seepage 532, column 1, lines 13-17) 

Thus, their inability to detect MMP-9 complexed to TIMP in the absence of NGAL does not 
mean that TIMP requires the complex of MMP-9 and NGAL to bind. TIMP-1 may simply bind 
to MMP in the absence of NGAL with a lower affinity and the complex is undetectable by their 
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Amendment dated March 3, 2005 

Response to Office Action dated November 03, 2004 

separation method. In fact, MMP-9 is known to bind TIMP-1 in the absence of NGAL. See the 
studies of Olson et al. (Exhibit 1) that determine the kinetics of MMP-9 binding to TIMP-1 in 
the absence of NGAL (Figure 2A and 2B) and show that pro-MMP-9 and active MMP-9 binds to 
TIMP-1 (page 29977, column 2, para. 3, lines 9-12). 

If the prior art reference does not expressly set forth a particular element of the claim, 
that reference still may anticipate if that element is "inherent" in its disclosure. However, to 
establish inherency, the extrinsic evidence " must make clear that the missing descriptive matter 
is necessarily present in the thing described in the reference, and that it would be so recognized 
by persons of ordinary skill." Continental Can Co, v. Monsanto Co,, 948 F.2d 1264, 1268 20 
U.S.P.Q.2d 1746, 1749 (Fed.Cir. 1991). "Inherency, however, may not be established bv 
probabilities or possibilities . The mere fact that a certain thing may result from a given set of 
circumstances is not sufficient." Id, at 1269, 948 F.2d 1264, 20 U.S.P.Q.2d at 1749 (quoting. In 
re Oelrich, 666 F.2d 578, 581, 212 U.S.P.Q. 323, 326 (C.C.P.A. 1981)). 

Applicants submit that the detection of MMP-9/TIMP-1 complex in Zucker does not 
inevitably mean detection of MMP-9/NGAL. As such, the Applicants respectfully submit that 
the rejection should be withdrawn. 

Claims 1, 2, 6, 7, 9, 46-48 were rejected under 35 U.S.C. § 103(a) as being unpatenable 
over Zucker (WO 93/20447) as evidenced by Kolkenbrock et al (Biological Chemistry, 1996, 
vol. 377, pp. 529-533) in view of Kerr and Thorpe (Immunochemistry LabFax, 1994, pp. 1 152). 

Applicants respectfully submit that this rejection should be withdrawn based on the 
arguments stated above, and incorporated herein, for the rejection of claims 1, 2, 6, 7, 9, 46 and 
48 under 35 U.S.C § 102(b) as being anticipated by Zucker (WO 93/20447) as evidenced by 
Kolkenbrock et al (Biological Chemistry, 1996, vol. 377, pp. 529-533). 

In addition, Zucker et al. only exemplify the detection of matrix metalloproteinase 
inhibitor complexes in a biological sample of plasma. Zucker et al. does not exemplify 
detection of MMP in urine. The possibility that a biological sample can be urine is only 
mentioned in a "laundry list" of biological samples. One skilled in the art would not necessarily 
expect every protein found in plasma to be present in urine. Thus, Zucker et al. teaching of the 
MMP-9/TIMP-1 complex in plasma would not direct the skilled artisan to look for MMP- 
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Amendment dated M arch 3, 2005 

Response to Office Action dated November 03, 2004 

9/NGAL in urine. Kolkenbrock et al. and Kerr & Thorpe do not make up for this deficiency. 



As the present invention is directed to detection of a MMP-9/NGAL complex in urine, Zucker as 
evidenced by Kolkenbrock et al. in view of Kerr and Thorpe does not render the present 
invention obvious. 

Accordingly, the Applicants respectfully request that the rejection be withdrawn. 

Claims 1, 2, 6, 7, 9, 43-46 were rejected under 35 U.S.C. § 103(a) as being unpatenable 
over Zucker (WO 93/20447) as evidenced by Kolkenbrock et al (Biological Chemistry, 1996, 
vol. 377, pp. 529-533) and Moses et al. (cancer Research, 1998, Vol. 58, pp. 1395-1399). 

Applicants respectfully submit that the amendments to the claim have obviated. the 
rejection, which should therefore be withdrawn. As noted above, the claim now is related to the 
use of antibodies directed against NGAL. This is not taught or suggested by the cited references. 

In view of the following, Applicants respectfully submit that all claims are in condition 
for allowance. Even if the Examiner disagrees. Applicants respectfully submit that the 
amendments to the claims, which merely incorporate recitations of claims already being 
examined, reduces the issues for appeal and thus this amendment should be entered. Early and 
favorable action is requested. 



Respectfully submitted, 




David S. Resnick (Reg. No. 34,235) 
NIXON PEABODY LLP 
100 Summer Street 
Boston, MA 02110 
617-345-6057 
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Kinetic Analysis of the Binding of Human Matrix 

J^Tt»e?nase-2^^^^^^^^ ^^S^t*'^*^'^ 
MetaUoproteinase (TIMP)-l and TIMP-2 

(Received for publication, June 6, 1997. and in revised form, September 2, 1997) 
Matthew W. 01son*§. David C. Gervasi«. Shahriar Mobashery.. and Rafael ^d™an«,l 
Wayne State University, DetroU. Michigan 48201 



The dissociation constants (Jf^) of tissue inhibitor of 
Ihe aissoc di. _,,^px , _j xiMP-2 for the active 

""tl^^T^s o^^^ ^eJLlloproteinase (MMP)-2 
S^l? 9 eva^^ated using surface plasmon reso- 
^^So^R) aiJd enzyme inhibition studies. SPR analy- 
nance (SPR) j^j.^^ high (hm) and low (vm) 

sis shows biphasic kinetics^in I ^ ^ 

affinity binding sites of TIMP-2 and iimr i 
<72. and 62-kDa species) and MMP-9 (9^- ana o-s i"'" 
Sciesi, respectively. In contrast, biding date of 
^^-2 to an MMP-2 45-kDa active form lacking the 
Spinal domain and to an MMP.2 C-J^rm^nal domain 
fcTOTfragment displays monophasic kinetics ^th 
^ «f •mTnd 60 nM. respectively. This suggests that 
^tcTO colftaTns Se high affinity binding site, whereas 
catelytic domain contains the ^ow affinity site^so 
Wndfng of TIMP-2 to pro-MMP-2 is stronger a* b«^^f 
DinainB u x««Stv «ites than the corresponding bind- 
^tjTi^.2ttl^-2e2.l^^ form demonstrating 
.ngof TlW-^ to ine ^-terminal prodomain. In addi- 
the -P;f ;;^«„:Vf ^lJ^!a™V theW2 62.kDa spe- 

• '• lR^''nM at ttie high affinity site, yet neither the • 
S-2 il^a *^cies^or the CTD interact with 
™-l EnSme inhibition studies demonstrate that 
Ss are sl^ binding inhibitors with »onophas,c in- 
i-v^^^ kinetics This suggests that a single binding 
^err^sSrlrenlyme inlLtion^The k^^^^^^ 
ters for the onset oHnhib^tiona^ sj 
rtT^iVaM^^^^^^ and connate 

with the values determined by SPR. 

The gelatinases MMP-2 (gelatinase A) and MMP-9 (gelatin- 
aslB'Se two members of the MMP^ family, a group of zinc- 
T^JaZ* endoDeptidases known to hydrolyze many compo- 
S oTle eracellular matrix (1). Like other MMPs, the 
Llalase* are produced in a latent form (pro-MMP) reqmnng 
Swatron and are inhibited by TIMPs (1-3). A unique charac- 
SsTi of the gelatinases is the ability of their zym^ns ^ 
fonn tight non-covalent and stable complexes with TIMPs. It 

» M W Ol andU S AnnyGrantDAMD17-97-l-7174(toS.M.).The 
r rnl^rTnce with 18 U.S.C. SecUcn 1734 solely to indicate 

K7 mS 3 t;5?7-8180; E-niail: rfridnian^ 
f'^lS^Zns used are: MMP, matrix ^^^f^^^P'P^ZTjJ^^L' 



has been shown that pro-MMP-2 binds TIMP-2 (4 , whereas 
pro-MMP-9 binds TIMP-1 (5). Although the Physiological sig- 
nificance of the proenzyme-inhibitor complex is "ot completely 
understood, the complex may play a role m ^yTg^^^^^^'i 
tion and activation (6-8). The interactions of TIMP-2 with 
priMMP-2 and of TIMP-1 with pro-MMP-9 were previously 
examined by analysis of enzyme activity using truncated en- 
zy^s and inhibitors (9-11). These studies demonstrated that 
the CTD of gelatinases increases the rate of association of the 
TMPs for the active enzymes. Studies with activated and 
cSinally truncated enzymes demonstrated lhat the cata- 
ryt?cTomain is also involved in TIMP ^-di-g Jjll)- Ho^^^^ 
ti date, no quantitative binding analyses of TIMP-1 or TIMP 2 
for the latent forms of MMP-2 and MMP-9 have been des^be^ 
We report herein the first such quantitative binding analysis 
by surface plasmon resonance (SPR) using higWy purified re- 
LLantenzymes and inhibitors(for reviews ofSPR see Refe 
12-14). In addition, we report a quantitative analysis of the 
affinities of TIMP-1 and TIMP-2 for the active forms of either 
. MMP-2 or MMP-9 both in the presence and absence of a sub- 
These studies quantitatively define the nature of the 
Lque interactions of MMP-2 and MMP-9 forms with TIMP-1 
and TIMP-2. 

EXPERIMENTAL PROCEDURES 
Buffers-BMffer B (10 mM sodium acetate (pH 4.5)), buffer W (7.8 mM 
N«H TO 8 nu3 Na jlPO, (pH 7.2), 137 mM NaCl, 0.1 mM CaClj, 3 mM 
KJ^ff?*T;,M Iffl roTand 0 02% T^een 20), buffer C (50 mM TnB (pH 
^5 ' 150^^05 n^CaCl... 0.02% Brij-35). buffer HA (25 mM Tns 
?„h'7 5) ^nul NaCl, and 0.02% Brii-35), buffer R(50 mM Tns (pH 7.5^ 
CaCiro Ol* Brii and phosphate-buffered saline (10 mM 
NpPO (oH 7.2), 150 mM NaCl) were used. , . . one 

P^ter^and £n^ymes-Molecular weight marker proteins for SDS- 
PAGE w^ purdTed from BicRad. Human recombinant stromelysm 
rtas the generous gift of Dr. Paul Cannon (Center for Bone and Joint 
Ls^LSiSto.CA).A«combinantC.terminaIfragmentofhu^^^ 
^Tirising amino adds 440-660(15). was the generous gift of 

rvfr I Goldberg (Washington Universi^, St Louis, MO). 

bL;^iSc S«ppor-<5elatin.agan.se (4% crossJmked), hep^ 
"fn^^rtive &ad 120-aBarose, and lectin lenbl-Sepharose 4B 
tel^-^J^ A^^sou^ S column and Sephadex-GBO 

ffinp) were pxirchased from Pharmacia Biotech inc. 

MMP 2 oro-MMP-9, and their inhibitors TlMP-1 and TIMP-<i were 

Seir molar extinction coefficients of 122,800 and 1W,360 M cm . 

(91 The MMP-2 45-kDa active form was isolated as de- 
"'^7:^) ^Se MMP^62-kDa species was fleshly pi^pared by incu- 
hati^orli^P-2^th 1 mM p.'«ninophenylmercuric a«Ute (dis- 
SinToOmMTris)for30minat37-C. Under these conditions^^^^^ 

Ae MMP-2 62.kDa species was detected by B^lab" S^'S'-^P^y, 
SolaH^ MMP-9 82 kDa species, 1 mg of pro-MMP-g was incubated 
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raphy to remove the stromelysin 1, and the fractions containing the 
82-kDa activated MMP-9 were detected by gelatin zymography. The 
protein concentrations of the active species of MMP-2 (45 kDa) and 
MMP-9 (82 kDa) were determined by amino acid analysis or from their 
molar extinction coefficients (18). The MMP-2 (46 kDa) and MMP-9 (82 
kDa) species were distributed in aliquots, flash frozen in liquid nitro- 
gen, and stored at -80 °C. Both enzymes were stable for at least 12 
months at -80 °C, as determined by gelatin zymography. 

Recombinant human TIMP-2 was purified from media of infected 
HeLa cells as described (16), with the exception that instead of the 
CM-Sepharose matrix, the medium containing TIMP-2 was chromato- 
graphed on a Resource S column. TIMP-1 was purified by lectin lentil- 
Sepharose chromatography, as described (17). The TIMP-l-containing 
fractions were pooled, dialyzed against buffer HA to an ionic equivalent 
of less than 50 mM NaCl, and loaded onto a heparin -agarose column (5 
ml) eqxiilibrated with the same buffer. After the column was washed 
with HA buffer supplemented with 100 mM NaCl, TIMP-1 was eluted 
with a linear gradient of NaCl (200-400 mM) in HA buffer. The TIMP- 
1-oontaining fractions were pooled and dialyzed against phosphate- 
buffered saline. The protein concentrations of the recombinant TIMP-1 
and TIMP-2 were determined using their molar extinction coefficients 
of 26,500 and 39,600 M"^ cm \ respectively (3). Purified TIMP-1 and 
TIMP-2 were distributed in aliquots, flash frozen in liquid nitrogen, and 
stored at -80 **C. 

SDS-Polyacrylamide Gel Electrophoresis and Zymography—SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) was performed accord- 
ing to Laemmli (19). The proteins were visualized by staining overnight 
with a 0.25% solution of Coomassie Brilliant Blue R-250 in 45% meth- 
anol and 10% acetic acid and destaining in a solution of 20% methanol 
and 10% acetic acid. Zymography in a 10% SDS-PAGE containing 0.1% 
gelatin was performed as described (20). 

Radioiodination o/"77AfPs— TIMP-1 and TIMP-2 were iodinated with 
carrier-free Na^^^I (100 mCi/ml, Amersham Corp.) using lODO-GEN 
(Pierce). Briefly, glass vials were coated with 2 /ig of lODO-GEN dis- 
solved in 100% chloroform and dried with a stream of di^ nitrogen. 
Twenty micrograms of either TIMP-1 or TIMP-2 were placed in an 
lODO-GEN-coated vial and allowed to incubate for 1 min at 25 '0. 
Na^^I (200 M-Ci) was added to each vial, and the iodination reaction was 
allowed to continue for 2 min at 25 °C. The reaction was stopped by the 
addition of bovine serum albumin (fraction V, Sigma) and Nal (Sigma) 
to final concentrations of 1 mg/ml and 1 mM, respectively. Unincorpo- 
rated Na^^l was removed immediately using a 1-ml Sephadex-G50 
(fine) spin column equilibrated in buffer C. The specific activity was 
determined by trichloroacetic acid -preci pi table counts (>90% in the 
pellet), and the protein was quantitated by SDS-PAGE, Coomassie Blue 
staining of the gels, and densitometric scanning immediately after 
destaining, Densitometric analysis was performed using an AMBIS 
Image Analysis and Acquisition™ system (San Diego, CA) connected to 
a Dell 486/33 microcomputer equipped with the AMBIS Quant Probe™ 
software, version 4.01. The amoujit of "^I-TlMPs was determined using 
known quantities of unlabeled purified TIMPs as standards electro- 
phoresed in parallel. The specific activities of ^=«*I-TIMP-1 and ^^I- 
TIMP-2 were calculated to be 1.12 and 1.41 MCi//ig, respectively. 

Determination of Kinetic and Equilibrium Constants by SPR—TJMP- 
gelatinase interaction studies were performed using a Fison lasys™ 
instrument. CM5™ research grade cells (Fison lasys™) were used for 
all experiments. The carboxymethyl dextran matrix of the sensor cell 
was activated for 6 min using 0.2 ml of a mixture of 0.2 m 1 -ethyl -3 -[(3- 
dimethylamino)propyl]-carbodiimide and 0.05 M iV-hydroxysuccinim- 
ide. After activation, the sensor cell was washed rapidly fouir times with 
200 p,l of buffer W followed by immediate immobilization of TIMP-1 and 
TIMP-2. Immobilization conditions were as follows: TIMP-1 (2 ftg) or 
TIMP-2 (1 tig) was covalently coupled to the activated matrix in buffer 
B at a stirring rate of 50 for 9 min at 25 °C, followed by a single 200-;jtl 
wash with buffer B. The unreacted N-hydroxysuccinimide esters were 
quenched by a 200-/I-1 iiyection of 0,1 M ethanolamine-HCl (pH 8.0). 
Finally, the sensor cell was washed with four 200-/il iiyections of buffer 
W. Under these conditions, 300 arc seconds of TIMP-1 and 400 arc 
seconds of TIMP-2 were immobilized. TIMP-gelatinase binding reac- 
tions were carried out in buffer W at a stirring speed of 60 at 25 "C. The 
cell was regenerated after gelatinase binding with a single 15-s pulse of 
200 ptl of 20 mw HCl. These regeneration conditions allowed for the 
retention of greater than 95% of the original TIMP binding capacity. 
The equilibrium constants (K^) were calculated from the rat« constants 
for association (kj and dissociation ikj from the equaUon ^ kjk^. 
For biphasic binding = kj.2)lkS^) and Hl)/A«(2) for the low and 
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Fig, 1. SDS-PAGE and zymograpfaic analysis of purified gela- 
tinases and TIMPs. A, MMP-2 Gatent and active species), MMP-9 
(latent and active species), MMP-2 CTD, TIMP-1, and TIMP-2 were 
incubated for 120 min at 25 °C and subjected to 10% SDS-PAGE under 
reducing conditions. Proteins were detected by Coomassie Blue stain- 
ing. Lane J, pro-MMP-9 (2.5 /i^). Lane 2, MMP-9 (82 kDa) (2 ^ig). Lane 
5, pro-MMP-2 (2.5 fjig). Lane 4, MMP-2 (62 kDa) (2.2 Mg)- Lane 5, 
MMP-2 (46 kDa) (2 ^g). Lane 6, MMP-2 CTD (2 ^ig). Lane 7, TIMP-1 (3,5 
/ig). Lane 8, TIMP-2 (2 Mg)- B, MMP-2 and MMP-9 Gatent and active 
species), MMP-2 CTD, TIMP-1, and TIMP-2 were incubated for 120 min 
at 25 ^C and subjected to gelatin zymography. Lane 1, pro-MMP-9 (0.5 
ng). Lane 2, MMP-9 (82 kDa) (0.15 ng). Lane 5, pro-MMP-2 (0.8 ng). 
Lane 4, MMP-2 (62 kDa) (0.2 ng). Lane 5, MMP.2 (46 kDa) (0,1 ng). 
Lane 6, MMP-2 CTD (100 ng). Lane 7, TIMP-1 (100 ng). Lane 8, TIMP-2 
(115 ng). 

high affmity binding sites, respectively. The binding constants for each 
analyte protein were determined in duplicate using at least five differ- 
ent concentrations of analyte (8.7-624 nM), in a final volume of 200 /J, 
where the response increased as a function of analj^ concentration. 
For TIMP-1 pro-MMP-9 and MMP-9 (82 kDa) were both titrated fi-om 
10 to 200 nw; pro-MMP-2 and MMP-2 (62 kDa) were titrated from 20 to 
250 and from 20 to 200 nM, respectively; MMP-2 (45 kDa) and the 
MMP-2 CTD were titrated from 55 to 440 and firom 80 to 1250 nM, 
respectively. For TIMP-2 pro-MMP-9 and MMP-9 (82 kDa) were ti- 
trated from 100 to 420 and from 20 to 220 nM, respectively; pro-MMP-2 
and MMP-2 (62 kDa) were titrated firom 8.5 to 70 and from 10 to 120 nM, 
respectively; MMP-2 (45 kDa) and the MMP-2 CTD were titrated from 
50 to 500 and fi^m 15 to 330 nM, respectively. Furthermore, each 
analyte protein (200 nM) was subjected to analysis using a derivatized 
sensor cell to determine the amoimt of nonspecific binding to the car- 
boxymethyl dextran matrix. In each case, less Uian a 7-arc second 
increase was observed. The binding curves were analyzed using the 
nonlinear data fitting program "lasys Fasffit™' using both monophasic 
and biphasic models to obtain the first-order association rate constant 
and the dissociation rate constant. 

Binding of TIMPs to Gelatinases in Solution— ^I-TmP-l or ^^"^I- 
TIMP-2 were incubated at 1:1 or 3:1 molar ratios with the latent and 
active forms of MMP-2 and MMP-9 for 30 min at 25 *'C in buffer C, 
Binding reactions were carried out in 500 /il (final volume) where the 
concentration of the gelatinases was 25 nM or in 40 /il (final volume) 
where the concentration of enzymes was 450 nM. After binding, a SO-^il 
aliquot of gelatin-agarose matrix (a 50:50 slurry in buffer C) was added 
to each sample followed by incubation for 30 min at 25 **C. Each sample 
was centrifiiged, washed three times with 400 /il of buffer C, and the 
resulting supernatant discarded. The radioactivity in the pellets was 
measured in a Packard 5650 ganuna counter for 3 min. The amount of 
bound TIMP (pmol) was determined firom the specific activity, 

Gelatin-Agarose Chromatography of TIMP-Gelatinase Complexes — 
Pro-MMP-9 and pro-MMP-2 (200 pmol) were combined with TIMP-1 
and TIMP-2 (600 pmol), respectively, in buffer C (final volume of 0.1 ml) 
and incubated for 40 min at 25 "C. These mixtures were then applied to 
a gelatin-agarose column (0.1 ml) and equilibrated with buffer C, and 





Fig. 2. Sensorgrams of MMP-2 and 
MMP-9 binding to immobilized 
TlMP-1. Latent and active MMP-2 and 
MMP-9 species were allowed to bind to 
TIMP-1 and examined by SPR as de- 
scribed under "Experimental Proce- 
dures." yi. pro-MMP-9 (92 kDa), 40 nM. B, 
MMP-9 (82 kDa), 40 nM. C, pro-MMP-2 
(72 kDa). 250 nM. Z>, MMP-2 (62 kDa), 65 
nAi. MMP-2 (45 kDa), 440 nM. F, 
MMP-2 CTD, 625 nM. The asterisk indi- 
cates the end of the association phase. 
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the flow-through fraction was collected. The colimin was washed with 
0.4 ml of buffer C, and O.l-ml fractions were collected. The protein 
complexes were eluted with buffer C supplemented with 10% dimethyl 
sulfoxide (McaSO), and O.l-ml fractions were collected. Twenty-five 
microliters of each fraction were analyzed by SDS-PAGE. Quantitation 
of the TIMPs and gelatinases in the complexes was determined by 
densitometric scanning of CJoomassie Blue-stained gels, as described 
above using known amounts of standard proteins, 

Flilor^metric Activity Assay for MMP-2 and MMP-S— The active 
forms of MMP-2 and MMP-9 were assayed for activity using the fluo- 
rescence quenching substrate M0AcPLGLA2pr(Dnp)-AR-NH2 (Peptide 
Institute, Inc., Japan, and first described by Knight et al (21)). The 
oeptide substrate was dissolved in 100% MeySO. Each assay was car- 
ried out at 25 *»C in 2 ml (final volume) of 50 mM HEPES (pH 7.5), 150 
mM NaCl. 5 mM CaClg, 0.01% Brij-35, and Me^SO (1% v/v), containing 
substrate and enzyme and/or inhibitor at the indicated concentrations. 
Substrate hydrolysis was monitored using a Spex Fluorolog 1681 (Spex 
Industries Inc.) fluorescence spectrophotometer with excitation and 
emission wavelengths set at 328 and 393 nm, respectively and con- 
trolled by an IBM -compatible computer using the dmSOOO software 
provided by SPEX™. The slit widths were maintained at 1 mm and the 
band pass was 3 nm. Fluorescent measurements were taken every 20 s 
with a 3-s integration time. 

For the determination of the and &„t values of the MMP-2 and 
MMP-9 active species, the fluorescent substrate was used in the con- 
centration range of 0.05 to 6.5 /iM with 0.4 pmol (0.2 nM) of enzyme. The 
reaction was allowed to proceed for 6 min, and the initial velocity of 
each reaction was determined using the data collected up to- 4 min. 
Three reaction rate determinations were made for each substrate con- 
centration. The and values were determined by double-reci> 
rocal analysis by linear regression using UNEST (Microsoft Excel™ 

version 5.0). , . , ^ . j u- j- 

To determine the association constants (*„„), the first-order binding 
constants were determined under the following conditions. The sub- 
strate concentration for each assay was 7 a^m, a substrate concentration 
2-4-fold greater than the experimentally determined K^. TIMP-1 and 
TIMP-2 were added to the reaction, and the assay was initiated by 
addition of a 1 /xM stock of enzyme to give a final concentration of 1 nM. 
The reaction was allowed to proceed for 10 min, and the rate of sub- 
strate cleavage was measured in triplicate for each TIMP concentration 
examined. For the MMP-2 45-kDa species, the concentrations of 
TIMP-1 and TlMP-2 were varied from 0 to 200 and firom 0 to 100 nM, 
respectively. For the MMP-2 62-kDa species, both TIMP-1 and TIMP-2 
were used in the concentration range of 0 to 30 nM. For the MMP-9 
82-kDa species, TIMP-1 was used in the concentration range of 0 to 30 
nM and TIMP-2 was used in the concentration range of 0 to 60 nM. The 
first-order rate constant, k, was determined from the intersection point 
of the tangent to the curve at / = x to the curve at / = 0 where k = Vt, 
as described by Morrison and Walsh (22), where the data points gave 
equal increments of product formation as a fiinction of time in the 
absence of inhibitor. The first-order rate constant, k, for each TIMP 
concentration was plotted as a fimction of TIMP concentration. The 
slope and error of the slope of this line gives the on-rate, and was 
determined by Hnear regression using LINEST (Microsoft Excel™ 
v5.0). 
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The dissociation constants ik^) were determined in triplicate as 
follows. The MMP-2 45-kDa species was combined with TIMP-1 or 
TIMP-2 at a final concentration of 2 /iM enzyme and 2.4 piM of either 
TIW-l or TIMP-2. The enzyme and inhibitor were allowed to incubate 
for 1 h at 26 *'C. The fe^^ value of TIMP-1 and TIMP-2 for the MMP-2 (62 
kDa) and MMP-9 (82 kDa) species were detennined similarly, except 
that the enzyme and inhibitor were incubated at concentrations of 300 
and 360 nM, respectively, for 1 h at 25 *€. The sample was added to the 
cuvette (final volume of 2 ml) containing 12 mM peptide substrate and a 
final concentration of 1 nM enzyme. The recovery of enzyme activity was 
followed for up to 40 min. The data were analyzed by the method of 
Click et al. (23). The error of the slope of this line was determined by 
linear regression using LINEST (Microsoft Excel"^' version 5.0), The 
inhibition constants (Ki) were calculated by = Ktr/Kn- 

RESULTS 

Analysis of Purified Gelatinases and TIMPs — Determination 
of the binding constants for gelatinase-TIMP complexes re- 
quires pure enz3mies and inhibitors. To this end, human recom- 
binant latent and active MMP-2 and MMP-9 and TIMP-1 and 
TIMP-2 were purified to homogeneity. To address the role of 
the MMP-2 CTD and the catalytic site of MMP-2, we purified a 
C-terminally truncated MMP-2 45-kDa form (17) and obtained 
a purified recombinant CTD fi-agment (15). Fig. 1, A and B, 
demonstrates the purity and lack of any contaminating pro- 
teins in the samples used for kinetic analyses. Furthermore, 
active enzymes were not detected in the latent enz3nmes and 
vice versa (Fig. 1, A and B). Incubation of the enzymes for 120 
min at 25 °C prior to electrophoresis confirmed their stability, 
an essential requirement for the SPR analysis. 

SPR Analysis of Gelatinase-TIMP Interactions — ^The kinetic 
and equilibrium constants for gelatinase-TIMP interactions 
were determined bx£ERX12r 14) using a Fison-Iasys™ instru- 
ment. Since both TIMP-1 and TIMP-2 are acid stable (3), the 
inhibitors were chemically linked to the carboxymethyl dextran 
matrix on a sensor cell as described under "Experimental Pro- 
cedures." Dilute solutions of latent or active MMP-2 or MMP-9 
species (analytes) were allowed to bind to the immobilized 
TIMPs as a function of time. The results of typical binding, 
assays are shown in the sensorgrams of Figs. 2 and 3. Only - 
prnjVTMP jj active MMP-9 (a2JsD jaiw-and active MMP-2 (62 
kDa) bound to TIMP-1 (Pig. 2, A, and D). In contrast, MMP-2 
(latenTanTactive formsTTi^s IITD, and active MMP-9 bound to 
TIMP-2 (Fig. 3, B-F). The arc second "responses'* observed with 
pro-MMP-2, the 45-kDa species, and the CTD to immobilized 
TIMP-1 (Fig. 2, C, £, and F) or with pro-MMP-9 to immobiUzed 
TIMP-2 (Fig. 3A), even at concentrations approaching 650 nM 
analyte, represent merely a change in the refractive index and 
not specific binding. The same refiractive index change was 



Fig. 3. Sensorgrams of MMP-2 and 
MMP-9 binding to immobilized 
TIMP-2, Latent and active MMP-2 and 
MMP-9 species were allowed to bind to 
TIMP-2 and examined by SPR as de- 
scribed under "Experimental Proce- 
dures." A, pro-MMP-9 (92 kDa), 205 nM. 
B, MMP-9 (82 kDa), 40 nM. C, pro-MMP-2 
(72 kDa), 20 nM. D, MMP-2 (62 kDa), 20 
nM. E, MMP-2 (45 kDa), 440 nM. F, 
MMP-2 cm), 42 nM, The asterisk indi- 
cates the end of the association phase. 
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observed when the enzymes or domains thereof were allowed to 
bind to a sensor cell derivatized in the absence of TIMPs (data 
not shown). 

SPR Analysis of Gelatinase-TIMP Interactions Reveal Low 
and High Affinity Sites— The association rate constant (kj, 
dissociation rate constant {k^l and equilibrium constant (K^) of 
MMP-2 and MMP-9 forms for TIMP-1 and TIMP-2 were calcu- 
lated from the data obtained from the Fison lasys™ analyses 
(Table I and Table ID- To determine if the data fit the 
monophasic or biphasic models for nonlinear curve fitting, the 
following criteria were followed. First, random residuals for the 
nonlinear curve fitting of both the association and dissociation 
phases were required. Second, replotting of the In of the asso- 
ciation phase versus time and of the In of the dissociation phase 
versus time was required to fit the theoretical plot provided by 
the software program lasys Fasffit™. Third, the root mean 
square deviation following nonlinear curve fitting for each 
model was required to be less than 1%. For the monophasic 
model, the root mean square deviation was consistently greater 
than 5% for the association and dissociation rate constant 
determinations. However, analysis of the data fit the biphasic 
model since it showed that the root mean square deviation 
value ranged between 0.001 and 0.38% for the first-order as- 
sociation rate constant and dissociation rate constant values. 
As shown in Tables I and II, these analyses indicated the 
existence of high and low affinity binding sites. The values 
of TIMP-1 for the MMP-9 latent and active species were 35 and 
23.9 nM for the high affinity site and 7.4 and 3.1 /iM for the low 
affinity site, respectively. Interestingly,, the and values of 
TIMP-1 for the latent and active MMP-9 forms and the MMP-2 
(62 kDa) active species were similar for both the high and low 
affinity sites (Table I). With TIMP-2, the values for the 
latent and active MMP-2 species and the active MMF-9 were 
5,2, 23.1, and 57.9 nM for the high affinity site and 0.19, 2.7, 
12 7 MM for the low affinity site, respectively (Table II). Binding 
of the active MMP-2 (45 kDa) species and the CTD to TIMP-2 
only fit the monophasic model, where the root mean square 
deviation value was consistently less than 0.092% for the first- 
order association rate constant and dissociation rate constant 
values. This indicates a single binding site with values of 
315 and 61.6 nM, respectively (Table II). The lower value for 
the TIMP-2-MMP-2 CTD complex suggests that the high affin- 
ity binding site resides within this domain. 

Analysis of Gelatinase-TIMP Interactions in Solution—Pre- 
vious studies suggested a 1:1 stoichiometry of gelatinase-TIMP 
complexes (9, 10, 24). Due to the nature of the SPR analysis 



that requires immobilization of TIMPs, we examined the bind- 
ing of gelatinases to the inhibitors in solution. To this end, 
unlabeled or radioiodinated TIMPs were allowed to bind to 
gelatinases, and the resultant complexes were analyzed by 
gelatin-agarose precipitation and gelatin-agarose chromatog- 
raphy. Binding of TIMP-1 and TIMP-2 to the latent and active 
forms of MMP-2 and MMP-9 was examined at concentrations 
at or near the values for the high affinity site as determined 
by SPR using equimolar concentrations of enzymes and inhib- 
itors. To accotmt for the presence of the low affinity site, we also 
carried out similar experiments using a 3-fold molar excess 
inhibitor. Complex formation of the gelatinases and TIMPs at 
or near the value for the high affinity site would be expected 
to reflect TIMPigelatinase ratios of 0.5:1 and 1:1, whereas 
binding in the presence of excess TEMP would be expected to 
show a stoichiometry greater than 1:1 due to the low affinity 
site. Binding of equimolar and 3-fold molar excess of either 
125I.TIMP-1 (Fig. 4A) or ^^I-TIMP-2 (Fig. 4B) to pro-MMP-9, 
MMP-9 (82 kDa), pro-MMP-2, and MMP-2 (62 kDa) demon- 
strated a stoichiometry of 0.65-0.84:1 (equimolar) and 0.9- 
0.94:1 (3-fold molar excess), indicating a 1:1 stoichiometry. 
Under the same conditions, the active MMP-2 (45 kDa) species 
showed no detectable binding to either TIMP-1 or TIMP-2 in 
agreement with the value determined by SPR (Table II). 
Since the SPR data indicated the existence of a low affinity site 
vidth values in the micromolar range (Tables I and II), we 
asked whether the stoichiometry of the enzjnme-inhibitor com- 
plex could be forced to a ratio approaching 1:2 in solution. To 
this end, binding was carried out at concentrations of enzyme 
and inhibitor 20-fold greater than the for the high affinity 
site and at either equimolar ratios or 3-fold molar excess in- 
hibitor. Fig. 4, C and D, shows that at 1:1 molar ratios, the 
stoichiometry is 1:1, as expected finom theK^ values determined 
by SPR. Under conditions of 3-fold molar excess inhibitor, 
gelatin-agarose precipitation experiments showed an increase 
in I-TIMP binding to the enzymes with enzyme :inhibi tor 
ratios of 1:1.4 to 1:1.8. In addition, coprecipitation of 
TIMP-2 was observed with the active MMP-2 (45 kDa) specie^, 
consistent with a -1:1 stoichiometry (Fig. 4D). In contrast, 
125I.TIMP-1 failed to coprecipitate with the 45-kDa species, 
regardless of the enzyme and TEMP concentrations used (Fig. 4, 
A and C). 

Analysis of the stoichiometry of pro-MMP-2-TIMP-2 and pro- 
MMP-9-TIMP-1 complexes was also performed by densitomet- 
ric analysis of SDS-polyacrylamide gels of enzyme-inhibitor 
complexes subjected to gelatin-agarose chromatography, as de- 
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s ' X IC^ 






nM 


MMP-9 species 
92 kDa 
82 kDa 


34,2 ± 0.2 
51-8 ± 0.1 


4.0 ± 0.3 
7.4 ± 0.3 


29.7 ± 3.9 
23.0 ± 3.2 


1.2 ± 0.2 
1.2 ± 0.2 


7.4 ± 0.9 
3.1 ± 0.4 


35.0 ± 5.8 
23.9 ±3.8 


MMP-2 species 
72 kDa 
62 kDa 
45 kDa 
CTD 


44.0 ± 0.3 
NB 
NB 


NB 
4.0 ± 0.7 
NB 
NB 


NB 
33.9 ± 2.9 
NB 
NB 


NB 
1.3 ± 0.2 
NB 
NB 


8.5 ± 0.7 


28,6 ± 4.5 


NB, no binding. 














Table II 

Kinetic and equilibnum constants ofgelatinase forms with TIMP'2 determined by SPR analysis 
on, . f^r ih^ h and k rate constants are expressed as the standard deviation of the slope and the standard deviation of five analyte 


Analyte 
protein 
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nM 


MMP-9 species 
92 kDa 
82 kDa 


NB*" 

22.8 ± 0.2 


NB 
2.6 ± 0.2 


NB 
33.1 ± 3.5 


NB 
1.3 ± 0.2 


12.7 ± 1.3 


57.9 ± 7 


MMP-2 species 
72 kDa 
62 kDa 
45 kDa 
CTD 


140.6 ± 0.6 
32.6 ± 0.3 
3.2 ± 0.2 
92.1 ± 3.9 


24.7 ± 1.9 
4.8 ± 0.8 


4.7 ± 0.4 
12.7 ± 0.6 
1.0 ±0.1 
5.7 ± 0.9 


0.7 ± 0.1 
0.8 ± 0.1 


0.19 ± 0.02 
2.7 ± 0.1 


5.2 ±0.4 
23.1 ± 4.1 
315 ± 34 
61.6 ± 11 


" NB, no binding. 
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Fig 4. Coprecipitation of gelatin- 
ase-TIMP complexes. "^I-TIMP-1 and 
125I.TIMP-2 were allowed to bind to 
MMP-9 (latent and active species) and to 
MMP-2 (latent and active species) for 30 
min at 25 °C, and the resulting complexes 
were subjected to precipitation with gela- 
tin-agarose as described under "Experi- 
mental Procedures." A, gelatinases (25 
nM) incubated with 25 nM (solid bars) or 
75 nM (dotted bars) ^^I-TIMP-l. B, gela- 
tinases (25 nM) incubated with 25 nM (sol- 
id bars) or 75 nM (dotted bars) ^^^l- 
TIMP-2. C, gelatinases (450 nM) 
incubated with 450 nM (solid bars) or 1.4 
;iM (dotted bars) ^^I-TlMP-1. D, gelati- 
nases (450 nM) incubated with 450 nM 
(solid bars) or 1.4 /iM (dotted bars) ^"^l- 
TIMP-2. The error bars represent the 
standard deviation from three independ- 
ent determinations. 
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scribed under "Experimental Procedures." Densitometric anal- 
ysis of the gels depicted in Fig. 5, A and B, revealed a stoichi- 
ometry ranging from 1.4:1 to 1.5:1 for the TIMP-l-pro-MMP-9 
complex and from 1.5:1 to 1.6:1 for the TIMP-2-pro-MMP-2 
complex (data not shovm). Thus, at micromolar concentrations 



of enzyme and an excess of inhibitor, a second TIMP molecule 
can bind to the proenzyme form, in agreement with the data 
obtained by the coprecipitation experiments. 

Catalytic Competence of Active Gelatinases— Previous stud- 
ies reported "apparent" values of TIMP-1 and TIMP-2 for 
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Fig. 5. Gelatin-agarose chromatography of gelatinase-TIMP 
complexes. A, TIMP-1 (600 pmol) and pro-MMP-9 (200 pmol) were 
allowed to complex for 40 min at 25 *C and subjected to gelatin-agarose 
column chromatography followed by 10% SDS-PAGE under reducing 
conditions as described under "Experimental Procedures." Proteins 
were detected by Oomassie Blue staining: lane 1 wash fraction number 
1; lane 2, wash fraction number 2; lane 3, wash fraction number 3; lane 
4, elution fraction 1; lane 5, elution fraction 2; lane 6, elution fraction 3; 
lane 7, elution fraction 4; lane 8, elution fraction 5; lane 9, elution 
fraction 6. B, same as in A except that TIMP-2 (600 pmol) and pro- 
MMP-2 (200 pmol) were subjected to 12% SDS-PAGE. Lane 1 wash 
fraction number 1; lane 5, wash fraction number 2; lane 3, wash fraction 
number 3; lane 4, wash fraction 4; lane 5, elution fraction 1; lane 6, 
elution fraction 2; lane 7, elution fraction 3; lane S, elution fraction 4; 
lane 9, elution fraction 5. 

MMP-2 and MMP-9 in the picomolar range (9, 10, 25). Since 
is equal to Ki, when inhibition is studied, the data derived from 
SPR analysis indicated Ki values in the nanomolar range. 
Therefore, binding and affinity of the TIMPs for the gelatinases 
were evaluated using enzymatic activity assays with the pep- 
tide substrate M0AcPLGLA2pr(Dnp)-AR-NH2 (21), As shown 
in Fig. 6A, the enzymes show saturation kinetics in hydrolysis 
of the peptide substrate. Double-reciprocal analysis of the data 
(Fig. 6B) allowed for determination of the K^, ^cat* ^cat/ 
values (Table III). Insofar as K„ may approximate K^, and as 
such give an expression of affinity, these enzymes show essen- 
tially the same affinity for the substrate with values in the 
range of 1.5 to 3 /iM. In addition, the correlation coefficient (r^) 
values for the fitted lines are -0.99 (Fig. 6B). Thus, the results 
indicate that all these enzymes are equally competent as cat- 
alysts in hydrolysis of the synthetic substrate with k^JK^ 
values equivalent to or greater than values obtained previously 
(10, 11). 

Enzymatic Determination of the Inhibition Constant of 
TIMP-1 and TIMPS for the Gelatinases— 'We examined the 
binding of TIMP-1 and TIMP-2 to the active forms of MMP-2 
and MMP-9 by enzyme inhibition assays as described under 
"Experimental Procedures." As shown in Fig. 7, TIMP-1 and 
TIMP-2 inhibit each enzyme. However, TIMP-1 failed to inhibit 
the active MMP-2 (45 kDa) species even at concentrations of 
200 nM (Fig. 7A). The pattern of inhibition was consistent with 
a slow binding process (22). This type of behavior is character- 
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Fig. 6. Initial velocity and double-reciprocal analysis for 
MMP-2 and MMP-9 active forms for MOAcPIXJLA2pr(Dnp)-AR- 
NHg hydrolysis. A, initial rates were determined by the fluorescence 
peptide assay. Each assay was performed in triplicate, contained 0.4 
pmol (0.2 nM) of enzyme, and was allowed to proceed for 6 min as 
described under "Experimental Procedures." B, Lineweaver-Burk Plot 
of the data from A The inset in B represents a magnification of the 
substrate concentrations between 1.25 and 6.5 >iM. Open circles, MMP-2 
62-kDa species; closed circles, MMP-2 45-kDa species; closed triangles, 
MMP-9 82-kDa species. 

Table 111 

Enzymatic parameUrs for the hydrolysis of MOACPLG-A^r(DNP)- 

AR-NHs by gelatinases 
The error is expressed as the standard deviation of the intercepts 
frt^m three data sets. 



Enzyme 




Act 






MMP-9, 82 kDa 
MMP-2. 62 kDa 
MMP.2, 46 kDa 


2.46 ± 0.34 
3.06 ± 0.74 
1.52 ± 0.29 


4.41 ± 0.55 
3.18 ± 0.46 
1.30 ± 0.21 


(17.9 
(10.4 
(8.6 


± 0.2) X 10^ 
± 0.2) X 10* 
± 1.6) X 10° 



ized by the formation of curves that display a time-dependent 
onset of inhibition within the period that substrate turnover is 
linear in the absence of inhibitor. For slow binding inhibition, 
the first-order rate constant ik) is equal to the rate of product 
formation that is derived from the asymptote, where the k 
value is determined from the intersection point of the tangent 
to the curve at i = 0, as given by the expression P - V(^. The 
asymptote of the curve is given by the equation P = Vst + {vQ- 
vs)lk. At this point, k = Ut (22). The association rate constant 
(jk) for the formation of enzyme-inhibitor complexes is deter- 
mined fi^m these progress curves of substrate hydrolysis. The 
second-order rate constant ik^^ is provided by linear regres- 



FiG. 7. Slow binding inhibition of 
gelatinases by TIMP-1 and TIMP-2. 

The active species of MMP-2 and MMP-9 
(1 nM) were assayed with increasing con- 
centrations of TIMP-1 and TIMP-2 as de- 
scribed under *^;xperimenta] Proce- 
dures.'' A, C, and TIMP-1 with MMP-2 
(45 kDa), MMP-2 (62 kDa), and MMP-9 
(82 kDa), respectively. B, D, and F, 
TIMP-2 with MMP-2 (45 kDa),- MMP-2 
(62 kDa), and MMP-9 (82 kDa), 
respectively. 
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sion of Jfe as a function of inhibitor concentration. The oflF-rate 
(J^off) was determined by the recovery of enzyme activity 
(P^g.8). 

Tables IV and V show the ^^n and ^ofr values using the 
analysis described above. TIMP-1 inhibits both MMP-9 (82 
kDa) and MMP-2 (62 kDa) enzymes with comparable rate 
constants for inhibition onset ik^j,) and recovery of activity 
(KffX and by consequence result in similar values (8.5 and 
9.7 nM, respectively). The k^^is fast (>10^ m"^ s"^) and k^ffis 
slow (-10"^ s"^), resulting in effective inhibition. The same 
trend is true for TIMP-2 with MMP-9 (82 kDa) and MMP-2 (62 
kDa) enzymes {Ki values of 43.4 and 7.2 nM, respectively). For 
the active MMP-2 (45 kDa) species, the k^^ (1.4 x 10^ s~^) 
was considerably slower resulting in a value of 275 nM, 
indicative of a relatively poor affinity of the inhibitor for the 
truncated enzyme. The k^j, values (Tables IV and V) of TIMP-1 
for MMP-2 (62 kDa) and MMP-9 (82 kDa) and of TIMP-2 for 
MMP-2 (62 and 45 kDa) and MMP-9 (82 kDa) species were 
consistently greater (2.5 to 7-fold) than those determined by 
SPR (Tables I and II). Likewise, the k^^ values (Tables IV and 
V) were 1.5 to 3-fold higher than those determined by SPR 
(Tables I and 11). The calculated values of TIMP-1 and TIMP-2 
for the MMP-2 (62 and 45 kDa) and MMP-9 (82 kDa) (Tables IV 
and V) species were in the nanomolar range and within 3-fold 
of the values determined by SPR (Tables I and II). 



DISCUSSION 

We have carried out a comprehensive study to determine the 
kinetic parameters for the binding of TIMP-1 and TIMP-2 to 
the latent and active forms of MMP-2 and MMP-9, The results 
of the SPR analyses were consistent with previous studies (4, 5, 
9-11) demonsta gting binding of TIMP-1 ii\ thfr-latftnt and ac- 
tive MMP-9 and MMP-2 (62 kDa) species, and binding of 
TIMP-2 to the latent and active MMP-2 species, and the active 
form of MMP-9 (82 kDa). In addition, TIMP-1 and TIMP-2 
failed to interact with pro-MMP-2 and pro-MMP-9, respectively 
(for reviews see Refs. 2 and 3), as expected. We have also shown 
that TIMP-1, in contrast to TIMP-2, did not bind to the CTD of 
MMP-2 or to the MMP-2 45-kDa species. SPR methodology for 
analysis of TIMP-MMP interactions was used in a previous 
study by Bodden et al. (26) which demonstrated k^, k^, and 
values of 8.9 x 10* m"^ s"S 3.6 x 10":* s~\ and 4.1 nM, 
respectively, for the complex of TIMP-1 with active MMP-1. 
The values of the MMP-l/TIMP-l interaction (determined 
by SPR) are 7- and 14-fold lower than those for TIMP-1 with 
the active MMP-9 (82 kDa) and MMP-2 (62 kDa) species, re- 
spectively, as reported here. This suggests that TIMP-1 may be 
a more efficient inhibitor of MMP-1 than of MMP-9 and 
MMP-2. 

Previous studies demonstrated that binding of TIMP-1 and 
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Fig 8. Dissociation of the MMP-2 and MMP-9 active species 
from TMP-l and TIMP-2. The active species of MMP-2 and MMP-9 
were preincubated with TIMP-1 and TIMP-2, and then the recovery of 
activity was monitored as described under "Experimental Procedures." 
Open circles, enzymes without TlMPs; closed circles, enzymes with 
TIMP-1; and open iriarigUs, enzymes with TIMP-2. A substrate hydrol- 
ysis by active MMP-2 (45 kDa). substrate hydrolysis by active 
MMP-2 (62 kDa). C, substrate hydrolysis by active MMP-9 (82 kDa). 

TlMP-2 to MMP-9 and MMP-2 is mediated by two distinct 
domains of the inhibitor molecules and two domains of the 
enzymes (3, 9-11, 25, 27). The N-terminal domains of TIMPs 
were shown to bind to the enzymes within the active site 
domain, and the C-terminal regions of TIMPs were shown to 
bind to the C-terminal domain of the enzyme. Consistent with 
this model, we have found biphasic binding kinetics of TIMP-1 
for MMP-9 (the latent and active forms) and MMP-2 (62 kDa) 
active form and of TIMP-2 for active MMP-9 (82 kDa) and 
MMP-2 (72- and 62-kDa species) that were indicative of the 
existence of high and low affinity binding sites. This was fur- 
ther supported by the results with the CTD of MMP-2 and the 
MMP-2 (45 kDa) species that, in contrast to pro-MMP-2 and 



gelatinase/ TIMP-1 interactions 
The errors for the /e„„ and values are expressed as the deviation of 
the slopes. The error for -K, value is the sum of the error from the and 
values. 



Enzyme 


Aon 


*ofr 






S~' X 10-^ 




nm 


MMP-9. 82 kDa 


2.48 ± 0.47 


2.1 ± 1.1 


8.5 ± 2,9 


MMP-2, 62 kDa 


2.46 ±0.17 


2.4 ± 0.7 


9.7 ± 1.7 


MMP-2. 45 kDa 




NB 


NB 



° NB, no binding. 

Table V 

Association, dissociation and inhibition constants for 
gelatinase / TIMP'2 interactions 
The errors for the k^^ k^vsilues are expressed as the deviation of 
the slopes. The error for value is the sum of the error from the k^^ and 
k^„ values. 



Enzyme 


















' X ;o~* 


X 70» 






MMP-9, 82 kDa 


0.57 


±0.03 


2.5 ± 0.6 


43.4 


± 


7.4 


MMP-2, 62 kDa 


2.23 


±0.64 


1.6 ± 0.6 


7.2 




2.5 


MMP-2. 45 kDa 


0.14 


± .01 


3.8 ± 0.5 


275 




31.1 



active MMP-2 (62 kDa), showed monophasic binding kinetics 
with TIMP-2. Thus, the data obtained with the 45-kDa species 
and the CTD suggest that the latter contains the high affinity 
site, whereas the lower affinity binding site resides within the 
catalytic domain. SPR analysis of the 45-kDa species also sug- 
gested the contribution of the CTD for the binding of TIMP-2 to 
the low affinity site. Indeed, the value describing the affinity 
of TIMP-2 for the 45-kDa species (315 nM) was 8.5-fold lower 
than that for the low affinity site of TIMP-2 for the MMP-2 
62-kDa form (2.7 /xm), which presumably resides within the 
catalytic domain. Thus, removal of the CTD appears to increase 
the affinity of TIMP-2 for the catalytic domain. Alternatively, 
the low affinity site in the MMP-2 62-kDa enzyme may be 
different from that in the 45-kDa species, and its accessibility 
is only possible after removal of the CTD. The lack of any 
measurable binding of TIMP-1 to both the 45-kDa active spe- 
cies and the CTD were unexpected since the 62-kDa form 
bound TIMP-1 with high affinity. Since the binding of the 
62-kDa species to TIMP-1 also showed biphasic binding, it is 
possible that the CTD of MMP-2 may work synergistically with 
the active site in promoting TIMP-1 binding. 

The contribution of the N-terminal prodomain of the gelati- 
nases for the binding of TIMPs was also made apparent by the 
SPR analysis, particularly with MMP-2. Here, removal of the 
N-terminal prodomain resulted in a decreased affinity of 
TIMP-2 for the active (62 kDa) form, at both the low (14-fold 
reduction) and high affinity (5-fold reduction) sites. In contrast, 
this effect was less apparent with MMP-9 and TEMP-l. The 
affinity of TIMP-1 to both the low and high affinity sites for 
pro-MMP-9 and active MMP-9 varied by approximately 2-fold. 
Nevertheless, it was interesting to observe biphasic binding of 
TIMP-1 to pro-MMP-9 since the N-terminal prodomain has 
been suggested to preclude prorMMP-9/riMP-l interaction at 
sites other than the CTD (3, 10). Thus, the SPR data suggest 
that TIMP-1 may also bind to a site different than the CTD of 
pro-MMP-9. 

The biphasic binding observed by SPR agreed with data 
obtained in the solution binding experiments and were consist- 
ent vrith a 1:1 stoichiometry. These studies also showed that 
latent and active gelatinase forms, except for the 45-kDa 
MMP-2 species, can bind a second TIMP molecule under con- 
ditions of excess inhibitor and at micromolar concentrations. 



TIMPs, at concentrations near or below the values, lor tne 
high affinity sites showed sub-stoichiometric enzyme-inhibitor 
complexes consistent with values in the nanomolar range. 
Likewise, binding at concentrations greater than the values 
for the high affinity sites resulted in the generation of near- 
stoichiometric complexes. Taken together, these data suggest 
that the two sites of interaction are unique and can bind inhib- 
itor independently. It is difficult to envision the evolutionary 
reason for conservation of the second TIMP binding site, if it 
were irrelevant in vivo. The existence of the second site awaits 
resolution of the crystal structures of the gelatinase-TIMP com- 
plexes. Furthermore, regarding pro-MMP-2, the interaction of 
this enzyme vnth TIMP-2 will have to be addressed in the 
context of a current model describing the association of pro- 
MMP-2 with a MTl-MMP-TIMP-2 complex (7). 

We determined the K„ *om and X,- values by enzyme inhi- 
bition analysis and demonstrated that both TIMP-1 and 
TIMP-2 behave as slow binding inhibitors. Using kinetic treat- 
ment for slow binding inhibition (22), the resiJts indicated that 
the association of TIMPs and gelatinases is rapid (k^ -10^ 
s"^). Furthermore, the dissociation of the enzjrme-inhibitor 
complexes was slow (Aofr ^10"^ s"'). resulting in a very effec- 
tive inhibition of activity. The ^^fj- values were determined from 
recovery of enzyme activity as a function of time, which allowed 
for the determination of the value. This value was calculated 
to be in the nanomolar range, similar to the results obtained by 
the SPR analysis. Also, in agreement with the SPR results, the 
enzyme-inhibition studies demonstrated that the 45-kDa spe- 
cies of MMP-2 exhibited a 35-fold reduction in affinity (275 nM) 
for TIMP-2 when compared v/ith the 62-kDa enzyme. Similar to 
these results, Taylor al. (28) showed a 10-20-fold decrease in 
the affinity (247 n>5) of TIMP-1 for a .C-terminally truncated 
MMP-1 as opposed to the full-length active enzyme. Collec- 
tively, these findings support the importance of the C-terminal 
domain for the effective inhibition by TIMPs among distinct 
members of the MMP family. 

Previoxis studies determined that the Ki values of TIMP-1 
and TIMP-2 for MMP-2 and MMP-9 are in the <10"^ M range 
(9, 10, 25). However, these values were reported as apparent 
in'natxire (9, 10). Nevertheless, these values are 3-4 orders of 
magnitude lower that the and values reported herein 
using SPR and enzyme-inhibition studies, respectively. This 
discrepancy may be due to differences in the following: (i) 
substrate (0.5 /iM, Ref. 9, versus 7 /im); (ii) enzyme (0.05 nM, Ref. 
9, versus 1 nM); and (iii) inhibitor (0.1 nM, Ref. 9, versus 0.5-30 
nM) concentrations for association rate determinations; and (iv) 
differences in enzyme and inhibitor concentrations used in the 
determination of the dissociation rate constants (0.002 nM, Ref. 
9, versus 1 nM). Furthermore, regarding the MMP-9-TIMP-1 
complex, Aoff values were not determined; thiis, Ki values could 
not be obtained (10). Our data, however, are in close agreement 
with the SPR analysis and the enzyme inhibition studies per- 
formed by others. Yu et aL^ recently reported that pro-MMP-2 
binds to immobilized TIMP-2 with biphasic kinetics and with a 
value of -4 nM. Also, Bodden et al (26) reported values 
of 4.1 nM by SPR analysis for a complex of active MMP-1 with 
TIMP-1, and Taylor et al. (28) reported values of -20 and 8 
nM for MMP-1 with TIMP-1 by enzyme inhibition studies. 

^ Yu, A E., Fisher, R. J-, Kleiner, D. E., and Stetler-Stevenson, W. G. 
(1996) Abstract from the Inhibitors of Metalloproteinases in Develop- 
ment and Disease TIMPs, September 25-29, 1996, Banff, Alberta, 
Canada. 
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matic activity, indicated biphasic behavior and provided 
values for the high affinity site similar to the /f, values deter- 
mined from enzyme inhibition assays. The fact that the kinet- 
ics of inhibition are monophasic clearly indicates that one bind- 
ing event accounts for the onset of enzymatic inhibition. 
However, the presence of a second gelatinase-TIMP interaction 
site in the latent and active forms was clearly evident in the 
SPR experiments vdth the 45-kDa species of MMP-2 and the 
CTD fragment. The role of the second site in manifestation of 
enzyme inhibition is unclear. We wish to underscore that the 
kinetic parameters for enz3Trtie inhibition corresponded closely 
(within 3-fold) to those for the high affinity phase of the pro- 
tein-protein interaction determined by SPR analysis. Thus, two 
entirely distinct analyses provided essentially similar results. 
The ultimate structural information should await elucidation 
of the crystal structures for the gelatinases and gelatinase- 
inhibitor complexes. 
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